Human cytomegalovirus (CMV) is a ubiquitous, persistent beta herpesvirus. CMV infection contributes to the accumulation of functional antigen-specific CD8 + T-cell pools with an effector-memory phenotype and enrichment of these immune cells in peripheral organs. We review here this 'memory T-cell inflation' phenomenon and associated factors including age and sex. 'Collateral damage' due to CMV-directed immune reactivity may occur in later stages of life -arising from CMV-specific immune responses that were beneficial in earlier life. CMV may be considered an age-dependent immunomodulator and a double-edged sword in editing anti-tumour immune responses. Emerging evidence suggests that CMV is highly prevalent in patients with a variety of cancers, particularly glioblastoma. A better understanding of CMV-associated immune responses and its implications for immune senescence, especially in patients with cancer, may aid in the design of more clinically relevant and tailored, personalized treatment regimens. 'Memory T-cell inflation' could be applied in vaccine development strategies to enrich for immune reactivity where long-term immunological memory is needed, e.g. in longterm immune memory formation directed against transformed cells.
Introduction
Cytomegalovirus (CMV) is a ubiquitous virus found in > 50% of the world's population, 1 commonly characterized by latency and lifelong persistence after primary infection in the immunocompetent host. 2 Using a broadspectrum of strategies to facilitate its persistence, CMV can survive in the host despite robust innate and adaptive immune responses. Furthermore, CMV can cause lifethreatening infections in individuals with a suppressed immune system or immunodeficiency disorders. CMV remains a challenging obstacle in transplant recipients. 3 CMV-specific cytotoxic T-lymphocyte immune responses require reconstitution to confer long-term protection against CMV reactivation and disease after allogeneic haematopoietic stem cell transplantation (HSCT), 4, 5 although the use of prophylactic and pre-emptive antiviral chemotherapy strategies has significantly reduced the morbidity and mortality of CMV infection in these individuals. Adoptive transfer of donor-derived CMV-specific immune cells to patients with CMV infection and disease has been established, 6 whereas a variety of clinical methods for CMV-specific immunotherapy have been developed to offer novel biotherapeutic options to patients with uncontrolled viraemia.
An interesting phenomenon concerning CMV infection is that the frequencies of CD8 + T cells increase during latency, which has been dubbed 'memory inflation', 7 driven by low-level persistence of CMV DNA. 8, 9 In contrast to other virus-specific T cells, human CMV-specific immune responses impact greatly on the quality and quantity of the memory T-cell compartment. 
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average of 10% and 9% of blood CD8 + and CD4 + T cells, respectively, in healthy individuals are CMV-specific. 7 In a recent and elegant systems-level analysis of the immune system of healthy twins, human CMV infection was shown to have a significant, non-heritable impact on 58% of various immunological parameters (notably including effector CD8 + and cd T cells) modulating the overall immune profile of healthy individuals. 11 This suggests that repeated environmental pressure, like CMV infection, causes shifts in immune-cell frequencies and other parameters and, with time, outweighs most heritable factors, which impose a profound impact on immunological homeostasis. It is, therefore, plausible that CMV-directed immune responses also shape anti-tumour immune responses.
Features of CMV-specific memory T-cell inflation
Memory T-cell inflation of CMV infection is characterized by the accumulation and maintenance of a vast number of effector-memory T cells, identified in humans and mice. [12] [13] [14] The effector-like phenotype of the inflationary memory CD8 + T cells is characterized as CD27 T cells -from which effector-memory T cells can also be re-generated. 6, [15] [16] [17] In contrast to other exhausted T cells in the presence of actively replicating viruses, CMV-specific inflationary memory T cells are still functional and able to migrate into virtually all tissues. 7, [18] [19] [20] This crucial characteristic lays the foundation for CMV-based vaccination efforts or CMV-based T-cell therapy to confer antitumour effects in different organs. 21, 22 'Inflationary CD8 + T cells' express also the fractalkine (chemokine) receptor CX3CR1, which is associated with tissue homing -and with reduced T-cell proliferative capacity. However, there is also a distinct subset of CMV-specific T cells that express intermediate levels of CX3CR1, these immune cells have the capacity to proliferate and mediate immune effector functions, important components to provide local immune-surveillance and tissue protection. 23 Inflationary T cells are often restricted in T-cell receptor (TCR) usage, enriched for TCRs targeting immunodominant CMV antigens. 24 Pera et al. 25 recently extended previous observations of the effect of CMV on CD8 + T-cell functionality as well as CD4 + T cells, showing CD57 as a marker for polyfunctional T cells after CMV infection. CD4 + T cells co-expressing CD57 and CD154, which are exclusively present in CMV-positive individuals, exhibit the greatest degree of polyfunctionality in the CD4 + subset, whereas CD4 + CD27 + CD28 À T cells associate with 'reduced' polyfunctionality. Interestingly, inflationary CD4 + T cells are prominent compared to CD8 + T cells, at least in the murine CMV (MCMV) infection model. 26, 27 It is still unknown what triggers the selection of the inflationary epitopes, although it has been demonstrated that CMV epitopes driving inflationary CMV-reactive immune responses are independent of initial immunodominance and viral gene expression patterns. 6, 7 It is also known that CD4 + T-cell help, CD27, OX40 and 4-1BB expression, as well as interleukin-2 (IL-2) production, are required for inflationary CD8 + T-cell responses.
28-32
Up to now, the mechanism(s) by which CMV is able to persist -and also is able to persistently stimulate T cells, without being eliminated, are still not resolved. The general view is that a low-grade 'smouldering' infection induced by CMV can be rapidly eradicated. This would result in CMV no longer being detectable -whereas the latent anti-CMV T-cell pool is being replenished, leaving the immune system in a highly activated state. In the MCMV model, the infection-driven inflated T-cell memory responses seem to be dependent on continuous antigen stimulation for maintenance. Such 'inflated' T-cell memory diminishes after the immune-competent host is treated with prolonged antiviral therapy or if immune cells are transferred to CMV-naive hosts, where antigen stimulation would not occur. 15, 33 The dose of the viral inoculum also impacts memory T-cell inflation, reflected by the relationship between memory inflation and the antigen load encountered by T cells. After low-dose inoculation with MCMV, the accumulation of inflationary memory T cells was severely affected and correlated with reduced reservoirs of latent virus in non-haematopoietic cells and dampened antigen-driven T-cell proliferation. 34 Trgovcich et al. 35 reported that low-titre CMV infections induce 'partial' memory inflation of MCMV-specific CD8 + T cells, whereas high-titre primary infections can produce memory inflation. The same study showed that re-infection with different viral strains could boost partial memory inflation, 35 as CMV re-infection/co-infection may frequently occur in immunocompetent hosts with~10% re-infection cases per year (data from a cohort of female patients). 36 As the duration of CMV infection in humans is usually not known, measuring the development of T-cell responses at the time of infection is limited to the clinical context of HSCT or organ transplantation. 37 
Exhaustion and senescence
Because changes are observed rapidly after primary infection in transplant patients and infants, 38, 39 it is highly likely that CMV drives the accumulation of late-stage, memory CD8 + T cells. However, recent results suggest that a single strong reactivation stimulus does not favour memory inflation, 35 an observation that warrants further investigation. It is biologically and clinically relevant to differentiate between 'exhaustion' and 'senescence' of T cells. Senescent T cells may not be easily rescued in contrast to their exhausted counterparts (reviewed in Xu and Larbi 40 ). Senescence markers on T cells comprise CD57 and KLRG-1, 41 while the cells exhibit a pro-inflammatory profile and usually reside in the terminally differentiated T-cell compartment. In contrast, exhausted T cells express a different marker profile: programmed cell-death protein 1 (PD-1), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), T-cell immunoglobulin and mucin domain 3 (TIM-3) or lymphocyte-activation gene 3 (LAG-3). They also display a reduced capacity to proliferate or to produce cytokines and are usually found in the effector and/ or effector-memory populations. 42 These immune marker profiles may apply to CD3 + CD8 + TCR-ab T cells as well as TCR-cd (particularly Vd2 + ) T cells. 43 CMV has been shown to drive antigen-specific T cells into immune senescence, which also extends to TCR-cd cells in relation to immunological ageing. 43, 44 Such CMV-reactive T cells, which produce tumour necrosis factor-a (TNF-a), may contribute to a 'low-grade chronic inflammatory environment' in the elderly that contributes to age-related diseases. 43 Homeostasis of and selection pressure on CMV-directed T cells
In addition to 'occupying' T-cell space and competition for T-cell growth factors, i.e. IL-2, IL-7, IL-15, the antigen processing and presentation machinery (APM) plays a major role in memory T-cell homeostasis. The APM in professional antigen-presenting cells leads to generation of a broad array of target peptide epitopes compared to the APM in somatic cells. Hence, the nature of the antigen-presenting cell itself and the position of the nominal T-cell epitope within the target molecule drive strong and long-lasting cellular immune responses. 43, 45 Non-haematopoietic cells, which produce IL-15, support inflationary CMV-specific CD8 + T cells, suggesting a particular cytokine-enriched niche for the survival and maintenance of these effector cells. 46 Furthermore, work performed in mice using MCMV infection (which most closely mimics the immunodynamics of human CMV infection) showed that non-haematopoietic cells in lymph nodes present antigen to central-memory CD8 + T cells to drive inflationary responses. 8 These findings warrant extensive screening of human tissue samples for CMV-reactive central-memory T cells which occupy long-term memory compartments and possibly impact on the 'milieu interne' of local immune responses to transformed cells.
Another critical factor which influences the expansion of CMV-reactive T cells is the available TCR repertoire capable of reacting to CMV epitopes. Overall clonal TCR diversity in an individual, if estimated to be 10 15 , may in fact reflect lower numbers because humans have approximately 10 11 precursor ('naive') T cells available. 47 This implies that several peptides are recognized by the same TCR (cross-reactivity), and conversely, that a single peptide can be recognized by several TCRs (promiscuity). More recent work using unique molecular identifierlabelled high-throughput sequencing and single T-cell analysis of an HLA-A2-restricted CMVpp65 target (amino acids 495-503) showed that the diversity of TCRs recognizing a single epitope is far greater than expected. 43, 48 Several thousand TCR species recognized the same epitope, whereas TCRs against this single epitope represented about 3-4% of the entire peripheral T-cell pool. This study underlined that most T-cell analyses performed using T cells in peripheral circulation, which represent only about 2% of the entire lymphocyte pool [the remaining T cells (c. 98% of total) reside in organs and tissues], do not necessarily encompass the entire repertoire of CMV-specific TCRs. For instance, resident memory T cells in the lungs account for a large memory T-cell pool (up to 5 9 10 10 cells). 'Tissue-seeding' of T cells appears to occur early in childhood and shapes the TCR repertoire by exposure to environmental stimuli as well as respiratory infections. 47 Nevertheless, T cells may also be able to survive for decades; 49 this cellular repertoire may be shaped by epigenetic imprinting (for review see Goronzy and Weyand 50 ) in addition to tissue homing and TCR affinity for the nominal MHC class I/peptide epitope. 51 Detailed investigations using human clinical samples showed that CMV plays an 'instructing role' in modulating homeostasis of circulating T cells and on other cell populations of myeloid and lymphoid origin. One of the most prominent effects of human CMV infection is the modulation of the absolute numbers of peripheral blood T cells. The circulating T-cell pool is characterized by the expansion of memory T cells after recovery from primary infection; significant differences persist between seronegative and seropositive subjects. 9, 52, 53 Most memory T cells, particularly CD8 + T cells, monocytes as well as leucocytes, are increased in seropositive healthy adults after an interval of 5 years, whereas naive/precursor CD8 + T cells are decreased. 54 CMV-specific CD4 + and CD8 + T cells can also dominate the memory compartment of seropositive humans. 7 Furthermore, the effector-memory T-cell pool of CMV-specific T cells varies among individuals and seems to correlate with the memory CD8 + T-cell pool size. 55, 56 The opposing trends between two groups of individuals (CMV serostatus +/À) showed that the change of the CD4/CD8 ratio over time may be influenced by CMV infection; the former was significantly reduced in CMV-seropositive individuals but it was increased in seronegative individuals. 54 In contrast, most inflationary cells in MCMV-infected mice fail to sustain their numbers through homeostatic or antigen-driven division and are programmed to perish, even in the presence of chronic CMV infection. MCMVspecific T cells do not undergo homeostatic division and have a relatively poor proliferative potential. 8, 57, 58 CMVspecific, inflationary, terminally differentiated effector T cells have a half-life of about 45-60 days. 15, 20 This indicates that although CMV-specific T cells can control the infection, they are relatively poor at maintaining their own survival. However, the inflationary T cells are continuously replenished by nascent virus-specific effector cells that are recruited from a pool of memory cells, which form early after infection. 15 
CMV-specific memory T-cell inflation plays a dual role in immune signatures
Multiple lines of evidence suggest that CMV-specific memory inflation is associated with immune senescence. CMV-specific memory inflation has been postulated to promote the immune risk profile, which is predictive of decreased immune function and overall poor patient survival. 59 CMV may reactivate more frequently in older people, requiring ever more immune resources to keep CMV under control and eventually reducing the host's ability to fight pathogens. 60, 61 Low-avidity CD45RA + CMV-specific CD8 + T cells in blood from older adults have been observed to be numerically higher, raising the possibility that accumulation of these CMV-directed immune cells, in particular, may skew the TCR repertoire in CMV-infected individuals during ageing. 62 CMVinduced effector-memory T cells have been shown to overcrowd T-cell populations that are directed against non-CMV targets, 63, 64 so impairing immune responses directed against infections and/or vaccinations especially in the elderly. 10, 65, 66 Like humans, MCMV-specific T cells in mice accumulate at the cost of CD8 T-cell functionality against other viral pathogens, which indicates that these T cells may compete with reactivity to novel antigens. 67, 68 Although both ageing and CMV infection have a profound effect on immune response patterns in humans, broad CMV-specific reactivity profiles have also been described in younger populations. 69 This suggests that CMV-driven immune inflation is not a direct result of ageing of the host but rather that the CMV-specific immune response itself may account for changes to the immune system that are related to 'ageing'. Another noteworthy observation is that inflationary CD8 + T cells in individuals who are CMV-seropositive also have higher expression of T helper type 1-associated markers such as T-bet and eomesodermin (or EOMES) compared to CD4 + T cells. 70 However, changes in the immunological homeostasis of CMV-infected hosts do not necessarily impair immune responses and may even impart a boosting effect, particularly in younger individuals. Some published data imply that CMV in young humans -or young mice -may improve immune responses to selected antigens (other than CMV), including immune responses to influenza virus, probably by increased pro-inflammatory responses. 71, 72 CMV-associated T-cell expansion in young children does not impair naive T-cell numbers or the maintenance of protective immune responses against non-related pathogens, while expansion of effector memory cells resulted in a significant increase in the total number of CD8 + T cells. 73 Human CMV infection appears to promote the polyfunctionality of CD8 + T cells, resulting in increased CD107a expression and interferon-c (IFN-c) as well as TNF-a production. This has been explored in CMV-seropositive and CMV-seronegative young individuals, as well as in CMV-seropositive, middle-aged healthy humans in response to staphylococcal enterotoxin B.
71 A higher percentage of polyfunctional CD8 + T cells was identified in blood from young CMVseropositive individuals compared with CMV-seronegative individuals. This is supported by the observation that CMV-specific CD8 + T cells reside mainly among CCR7 À CD45RO + CD27 +/À T cells in young adults, while more clonally expanded T cells are found in the CCR7 À CD45A + CD27 À subset. 63, [74] [75] [76] There is also compelling evidence from animal models showing that CMV protects from fatal infections with other pathogenic organisms. 77 These preclinical studies showed that CMV may improve the function and consequently the quality of CD8 + T cells, at least in younger animals, a finding that may lend support to CMV being a critical factor in shaping 'immune fitness' to benefit younger individuals.
Sex is another important inherent factor that impacts immune responses, besides age. 78 Although CMV seropositivity is higher in younger women than men, several studies indicate that the memory immune response to CMV may be dependent on the sex of individuals. 79, 80 A predominant T helper type 1 antiviral cytokine T helper memory response, linked to sex, showed that females had higher and significantly stronger spontaneous CMV-triggered IFN-c and IL-2 production. 81 van der Heiden et al. 55 demonstrated that CMV-positive males carry lower numbers of total CD4 + , CD4 + central-memory, and follicular helper T cells than females and CMVnegative males. Moreover, reduced numbers of regulatory T cells and memory B cells were found in CMV-positive males compared to CMV-positive females. This could partly explain inverted CD4 + /CD8 + T-cell ratios and expanded CD45RA + T effector-memory subsets in older men. [82] [83] [84] The findings discussed above indicate that the effect of CMV on the immune system may depend on individuals' age, sex and environmental factors. Immunological ageing may therefore be viewed as 'collateral damage' from immune reactivity that was beneficial in earlier life (Fig. 1) . Even in the elderly population, immunosurveillance against CMV may be advantageous and crucial for longevity; high numbers of naive/precursor T cells are not necessarily related to better survival. 85 Hence, continued immunosurveillance against persistent CMV appears to be more critical for host survival than reserving immune resources for responses to other viruses 11 or antigens that play a role in clinically relevant T-cell responses directed against transformed cells.
CMV-specific memory inflation shapes global and anti-tumour immune response in patients with cancer
Cytomegalovirus infection has not been well studied in patients with cancer, although a frequency of 2Á2 cases per 1000 autopsies of CMV pneumonia at M. D. Anderson Cancer Centre was reported more than 20 years ago. 86 Therefore, it is possible that CMV reactivation and disease are underestimated and under-diagnosed in patients with cancer, as CMV testing is not routinely performed in these individuals. Emerging evidence suggests that CMV is highly prevalent in patients with breast, colon, prostate, liver, and cervical cancers, rhabdomyosarcoma, salivary gland tumours, or brain tumours. [87] [88] [89] [90] [91] [92] [93] Most neoplastic cells in the sentinel lymph nodes of > 90% of patients with breast cancer have been shown to be CMV-positive, 94 whereas 98% of brain metastases of colon and breast cancers contain CMV proteins and/or nucleic acids. 95 Conversely, CMV proteins are not detected in healthy tissues surrounding CMV-positive tumours or metastases. Also, 9Á3% of patients with cancer (not stem cell tranplant-related) may experience CMV reactivation. 96 In a retrospective analysis, approximately 50% of patients with solid tumours and CMV DNA positivity also had CMV disease requiring antiviral therapy. 97 Reactivation in these patients during chemotherapy was not asymptomatic but was mostly self-limiting. 98, 99 However, CMV viraemia predicts high mortality (61Á3%) in patients with cancer requiring mechanical ventilation. 100 Gastrointestinal CMV disease is associated with high morbidity and mortality, although it is uncommon in patients with solid tumours. 101 To clarify the role of CMV reactivation in patients with solid tumours, welldesigned prospective studies using modern diagnostic techniques and established definitions of CMV infection and disease are required. 3 The question of whether clonal expansion of CMV-specific immune cells reduces the ability of the immune system in patients with cancer to mount effective antitumour responses needs to be addressed. Chen et al.
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investigated CMV-specific immune responses in 101 patients with various types of cancer. The authors found that the level of CMV-specific CD8 + T cells was significantly higher in blood from patients with stage IV cancer and an extensive treatment history. Of note, plasma levels of IL-6 were increased in association with disease progression, whereas IL-7 levels did not significantly differ. A relatively decreased population of naive/precursor T cells was suggested to be linked with down-regulation of the IL-7 receptor a chain, 102 an observation that was also found in patients with breast cancer in association with CMV infection. 102, 103 Apoptosis-resistant, terminally differentiated CMV-tetramer + CD28 À CD8 + T-cell frequencies were also markedly elevated in blood from patients who had undergone extensive cancer therapies. This study demonstrated that the proportion of CMV-specific T cells increased in blood from patients with cancer as the disease progressed. In contrast, over the last 10 years, many studies have also shown that positive CMV serology or reactivation may confer beneficial effects against leukaemia relapse, especially in patients with acute myeloid leukaemia undergoing allo-HSCT, [104] [105] [106] [107] although this finding is still conflicting. 108 One possible explanation is that CMV infection could 'educate' specific immune-cell subsets, e.g. cd T cells to mediate cancer regression. 109 These T cells were capable of recognizing both CMV-infected cells and primary leukaemic blasts in HSCT recipients, 109 in addition to being associated with a reduced cancer risk after kidney transplantation. 110 
Glioblastoma multiforme
The prevalence of CMV positivity approaches 100% in glioblastoma multiforme (GBM) tissue, 87, 88, 111 although this finding remains somewhat controversial. 112, 113 Stimulation of autologous peripheral blood mononuclear cells (PBMC) with GBM tumour lysates leads to expansion of CMV-specific T cells in blood from patients with GBM, which can kill autologous GBM cells in vitro.
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Although patients with GBM exhibited a similar number of CMV-specific T cells in PBMC compared to healthy donors, the majority of CMV-specific T cells in the patients were dysfunctional, but could be reverted to functionality by ex vivo expansion. 115 Most CMV-specific T cells in PBMC from patients with GBM expressed CD57 (a marker for terminal differentiation and activation). These T cells were unable to produce multiple cytokines and displayed limited cytolytic function. 115 Patients with GBM exhibited a lower frequency of CD3 + T cells compared to healthy individuals but had significantly higher numbers of CD4 + CD28 À T cells before, and after 3 and 12 weeks after surgery in addition to increased levels of CD4 + CD57 + and CD4 + CD57 + CD28 + T cells at all time-points measured. 116 These T-cell subsets have been associated with both immunosenescence and CMV infection, as CD57 expression increases with age [117] [118] [119] and in patients with cancer. 120 Furthermore, CMV-specific CD57 + CD4 + T cells may also represent a mature cellular subset capable of up-regulating surface CD107a expression (a degranulation marker), although their ability to lyse virus-infected cells may be compromised due to reduced intracellular content of cytotoxic granules. 119 These findings suggest that markers of immunosenescence in the CD4 + compartment are likely to be associated with poor survival in patients with CMV-positive GBM and may reflect CMV activity in transformed tissue. 116 However, other reports examining tumour-infiltrating lymphocytes and in PBMC from patients with cancer show that 'exhausted' T cells, e.g. defined by PD-1 expression, may in fact represent antigen-specific T cells that had more recently encountered their nominal target antigen. 121, 122 Expression of CMV antigens in GBM tissues may provide the opportunity to target viral antigens for GBM therapy. Combination therapy with autologous CMVspecific T cells and chemotherapy may be safe and potentially offers clinical benefits for patients with recurrent GBM. 123 Compelling evidence comes from a recently reported randomized clinical trial of CMV pp65-directed dendritic cell (DC) -based immunotherapy administered to patients with GBM following preconditioning with either mature DC or tetanus/diphtheria toxoid unilaterally, before bilateral vaccination with DC pulsed with pp65 RNA. The authors reported that patients given tetanus/diphtheria toxoid had enhanced DC migration, and significantly improved progressionfree and overall survival that exceeded 40 months (ClinicalTrials.gov identifier: NCT00639639). 124 Another recent clinical study showed that patients with GBM who received anti-CMV adoptive cell transfer exhibited even better cellular immune responses further to an improved survival pattern following vaccination with a CMVpp65 RNA-pulsed DC vaccine candidate. 125 Prolonged treatment with valganciclovir as an adjunct to standard therapy has been shown to benefit patients with newly diagnosed or recurrent GBM, although randomized trials are warranted in the future. [126] [127] [128] It is, however, worthwhile to examine in future studies whether antiviral therapy may also benefit patients with GBM through additional immune-related pathways, based on the clinical case of a patient with ependymoma, who after ganciclovir treatment showed enhanced innate immune and T-cell activation. 129 This demonstrates that infusion of functional CMV-specific T cells or antiviral drugs may benefit patients with CMV-associated cancers, aided by the 'trans' effect of CMV-specific T cells, i.e. that TNF-a or IFN-c production may impact on cancer cells, either directly or indirectly by increasing visibility to the immune system by up-regulating the HLA class I and class II APM.
Colorectal cancer
Several studies have identified CMV in colorectal cancer (CRC) tissue; about~40% of CRC specimens generally test CMV positive. 89, [130] [131] [132] A recent meta-analysis suggested a statistical association between CMV infection and an increased risk of CRC. 133 In patients with CRC, CMV RNA transcripts and protein appear to be specifically localized to the cytoplasm of neoplastic mucosal epithelium compared with non-transformed cells. 132, 134 The presence of CMV in tumour tissue is associated with an unfavourable outcome in elderly patients with CRC and predicts poor disease-free survival independent of TNM staging. 135 It is noteworthy that tumoral presence of CMV correlates with clinical outcome in CRC more closely than the traditional histopathological tumour staging method. Additionally, higher transcription of IL-17 was found in CMV-positive tumours, 135 which correlates with a poor outcome of CRC. 136, 137 On the contrary, presence of CMV in CRC tumours among patients < 65 years of age independently predicted a higher disease-free survival rate based on multivariate Cox proportional hazards analysis. 138 In this study, significant intra-tumoral inflammatory responses were more frequently observed in CMV-positive tumours with lower levels of IL-1, a pleiotropic cytokine implicated in promoting tumour growth, angiogenesis and potentially metastasis. 139, 140 Taken together, CMV may enhance immunity to cancer in younger patients whereas longterm CMV infection may be detrimental to clinically relevant anti-tumour immune responses in older individuals (Fig. 1) .
Other cancers
There is a significant amount of data concerning immunosuppression in patients with cancer, caused by the interaction of tumour cells with immune cells leading to lymphocyte dysfunction or death. 141 However, it is unclear whether this immunosuppression is universal or restricted to immune responses targeting tumour antigens. Recent data in CMV-infected human cells showed that UL148-induced down-regulation of CD58 (a cell surface molecule important for co-stimulation of effector T cells) leads to dampening of a productive immune response, which includes loss of cytotoxic activity by cytotoxic lymphocytes and natural killer cells. 142 This may be augmented with down-regulation of APM-associated components to subdue the immune response. 143, 144 This may represent a general mechanism of immune suppression employed by CMV which may also be relevant to cancer. In contrast to data obtained from patients with GBM, several reports showed anergy of tumour-specific T cells in patients with melanoma, whereas CMV-specific T cells in the same patients were functional. [145] [146] [147] [148] [149] In patients with melanoma, frequencies of TIM-3 + cells among NY-ESO-1-specific CD8 + T cells (mean 28Á8% AE 20Á7%) were significantly higher than those of CMV-specific CD8 + T cells (8Á8 AE 4Á9%), 148 whereas the expression and distribution of BTLA, PD-1 and TIM-3 on CMV-specific and total CD8 + T cells were similar to those of healthy donors. 148, 149 Similarly, the frequency of CMV-specific T cells in blood from patients with hepatocellular carcinoma was unaffected after treatment as opposed to those of tumour-associated antigen (TAA)-specific T cells, which were elevated. [150] [151] [152] In further detail, CMV-specific T cells expanded in vitro from PBMC of patients with hepatocellular carcinoma strongly expressed PD-1, but not TIM-3 and produced IFN-c, while expanded TAA (peptide)-specific T cells failed to induce production of IFN-c, with highly varied expression levels of both inhibitory receptors. 153 Inokuma et al. 154 found that CMV-specific T cells were significantly present at higher frequencies compared with tumour-specific T cells in CMV-positive patients with breast cancer. Interestingly, CMV-specific T cells produced less IL-2 but higher amounts of IFN-c, but the opposite was true for tumour-reactive T cells. The ability to respond with IL-2 and IFN-c may also reflect the antigen dose available to T cells in their immediate microenvironment for optimal TCR stimulation. 155 Also, PD-1 inhibition may be a viable therapeutic strategy to treat chronic infectious diseases, as was recently reviewed by Rao et al. 156 From the current but limited data, it seems that CMV-specific T cells are functional, express fewer exhaustion markers, and are maintained at 'normal' levels irrespective of treatment, compared with tumourantigen-reactive T cells in blood from patients with a variety of cancers except GBM (Table 1) . However, CMV infection (and the associated immune response) may not merely impose a 'bystander effect', considering the high frequency of inflationary CMV-specific T cells found in patients with cancer. More studies are needed to address this point; cleverly designed clinical programmes that incorporate comprehensive immunological analyses may, therefore, help to understand the nature of immune responses in patients with cancer in greater detail. An interesting study by Chang et al. 157 showed that in vitro ganciclovir treatment triggered an increase in early differentiated T-cell frequencies accompanied by a decrease in the percentage of effector-memory T cells in blood from patients with cancer. Furthermore, this treatment improved the T cells' ability to kill tumour cells, accompanied by PD-1 down-regulation. A recent clinical study showed that ganciclovir treatment of CMV-positive patients with sepsis does not affect serum IL-6 levels while reducing the incidence of CMV reactivation, indicating that the drug does not have anti-inflammatory effects. 158 Although ganciclovir is not CMV-specific, this observation prompts the discussion that many drugs used in clinical settings may have multiple functions and could therefore be repurposed for host-directed therapy. 159 Whether anti-CMV treatment/adoptive T-cell therapy could benefit patients with cancers by directly killing CMV-associated cancer cells is a formally testable question. Table 2 lists immunotherapeutic approaches currently in clinical trials and serves as evidence that CMV-targeting immune-based interventions may provide a safe, novel treatment option while offering clinical benefit to patients with GBM. It may also be possible to use CMV as an immunomodulator to modify the global and anti-tumour immune landscape, supported by observations where prophylactic and therapeutic vaccination with recombinant MCMV vectors show some efficacy in preclinical models of prostate cancer 160 and melanoma, [161] [162] [163] although exploration of CMV-based vaccines for cancer is in its infancy. 
Conclusions
Cytomegalovirus has a profound influence on the global and antigen-specific immune signatures, not only in immunosuppressed individuals, but also in the immunocompetent host. Strong cellular immune responses in blood directed against CMV or Epstein-Barr virus antigens at diagnosis can predict better survival among patients with pulmonary tuberculosis, 164 serving as a marker for 'T-cell fitness' -representing prevalent anti-CMV responses. We now have a better picture of how the unique immunological memory inflation driven by CMV is initiated and controlled, as well as its association with age, sex and environmental factors. Although not common, inflationary CMV pp65-specific CD4 + T cells that can express granzyme B from HIV-positive/CMV-positive individuals have also been described, thus expanding the immune repertoire of inflationary responses to CMV infection 165 as well as their role in mediating immunopathology. Targeting CMV could potentially represent a biologically viable immunomodulator; harnessing clinically relevant immune responses may, therefore, pave the way for developing cutting-edge immunotherapies for patients with malignancies (for a summary of ongoing clinical trials see Table 1 ).
Funding
The first author was supported by a scholarship from China Scholarship Council (CSC), by the National Natural Science Foundation of China (grant 81100388, grant 81470344), and the Medical Scientific Research Programme of Chongqing Health and Family Planning Commission (grant 20142014).
Disclosures
The authors declare that the research was conducted in the absence of financial relationships that could be constructed as a potential conflict of interest.
Author contributions
X-HL wrote the first draft of the manuscript, conducted the literature search, reviewed the abstracts, performed analysis and contributed to the final draft; MR contributed to revising the manuscript and provided scientific input. ED revised the manuscript. MM initiated, designed and supervised the study, revised and wrote the final draft, and contributed to the analysis. All authors have read and approved the final manuscript. 
